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ABSTRACT 

We present a 5-37 /zm infrared spectrum obtained with the Spitzer Space Telescope toward the 
southeastern lobe of the young protostellar outflow HH211. The spectrum shows an extraordinary 
sequence of OH emission lines arising in highly excited rotational levels up to an energy E/'k k, 
28200 K above the ground level. This is, to our knowledge, by far the highest rotational excitation 
of OH observed outside Earth. The spectrum also contains several pure rotational transitions of 
H2O {v = 0), H2 (u = 0) S(0) to S(7), HD {v = 0) R(3) to R(6), and atomic fine-structure lines of 
[Fe II], [Si II], [Ne II], [S I], and [Cl I]. The origin of the highly excited OH emission is most hkely the 
photodissociation of H2O by the UV radiation generated in the terminal outflow shock of HH211. 
Subject headings: ISM: Herbig-Haro objects — ISM: individual (HH211) — ISM: jets and outflows 
— ISM: molecules — shock waves 



1. INTRODUCTION 

OH and H2O are molecules of central importance to 
the interstellar oxygen chemistry in many diverse en- 
vironments ranging from interstellar clouds to proto- 
planetary disks and comets, and they act as impor- 
tant sho ck coolants due to their rich infrared spec- 
tra (e.g. iRollenbach & McKee"T97^; 'Drainc et al."1983j; 
Neufeld fc Dalgarno 1989; HoUenbach & McKcc 1981 
War did 119991 ). The potential pathways leading to the 
formation and destruction of these molecules are now 
believed to be well established. However, the relative 
importance of these pathways in a given astrophysical 
environment is generally poorly constrained due to a lack 
of suitable observations and the complex interaction of 
formation, destruction, and excitation mechanisms for 
H2O and OH. 

Both molecules are expected to be formed in abun- 
dance in hot molecular gas (T > 1000 K) owing to 
a series of neutral-neutral reactions whose activation 
barriers are overcome at high temperatures. ISO 
(Infrared Space Observatory), SWAS (Submillimeter 
Wave Astronomy Satellite), and Odin observations 
show enhance d OH and H2O abu n dances in stellar 
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outflows (e.g. Giannin i et a 
2OO2I iLerate et al. 2006 
Franklin et al. However, the large beam sizes 

prevented a detailed spatial analysis, which is essen- 
tial to investigate the OH and H2O formation processes 
that lead to the increased abundances. In addition, 
the submillimeter observations of H2O are mostly con- 
fined to the liQ-loi transition of ortho-H20 at 556.9 GHz 
(£^/k = 61K), and the wavelength coverage of the ISO 
Long Wavelength Spectrometer (LWS) limited observa- 
tions of OH to rotational states with E/ \ < 1200 K. 

In this paper, we present the first detection of ro- 
tationally excited OH at previously unobserved high 
excitation levels up to E/\l w 28200 K in HH21 1 
with the Spitzer Space Telescope (jWerner et al.l [200^ . 
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Fig. 1.— HH211: SpiteerlRAC 3-9 ^tm-f-MIPS 24 /im color com- 
posite image (3.6+4.5 /im=blue, 8.0 ^m=green, and 24/im=red). 
White boxes outline the IRS SL, SH, and LH map coverage includ- 
ing the SH/LH background position. The image center coordinates 
are 3'^43™56?8, 32°00'34'.'4 (J2000). 

HH211, one of the youngest known stellar outflows, 
is highly coUimated, of extremely high velocity (EHV; 
jet speed of 100-300 km s^^ assuming an inclination 
of 5 to 10° with respe ct t o the plane of the sky, 
see lO'Connell et al.l [20051 and iLee e~ al. 2007), bipolar, 
and associated with a Class protostar in the young 
stellar cluster IC348. It has be en studied in detail 
via excited H 2, CO, and S i O (e. g. iMcCaughrean et alj 
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11993, 'Gueth & GuiUoteau' 1999':" 'Eislof fel et all 
O'ConncU et al. 2005; Caratti o Garat tTet al.l 
Tafall a et all 120061 : ILee et al.l 12007( 1. The unique combi- 
nation of sensitivity, wavelength coverage, and mapping 
capabilities with Spitzer enables us to study the spatial 
structure of the HH 211 outflow bow-shock and to inves- 
tigate the regions of shock-induced OH and H2O forma- 
tion. 

2. OBSERVATIONS AND DATA REDUCTION 

HH 211 was observed with the Spitzer Infrared Spectro- 
graph (IRS, Houck et al. 2004) on 2007 March 12. We 
mapped the outermost region of the southeastern out- 
flow lobe using the IRS short-low (SL2/SL1, 5.2-8.7/7.4- 
14.5/im), short-high (SH, 9.9-19.6 /im), and long-high 
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(LH, 18.7-37.2 fim) modules. The nominal spectral res- 
olution is i? = 64-128 as a function of wavelength for 
the low resolution and R — 600 for the high resolu- 
tion settings. The total exposure times were 588 s for 
each SL, 720 s for the SH, and 600 s for the LH mod- 
ule. We also ob tained IRAC (Infrared Array Camera, 
iFazio et all 12004 a nd MIPS (Multib and Imaging Pho- 
tometer for Spitzer. [Rieke et al.ll2004 ) image mosaics of 
HH211 from the Spitzer data archive. 

We performed the IRS data reduction consisting of 
background subtraction, masking of bad pixels, extract- 
ing the spectra, and generating the spec tral line maps 
with CUBISM vl.50 (jSmith et al.l[200l . We applied 
cubism's slit- loss correction function, and expect the 
absolute flux calibration of our spectrum to be accurate 
within 20%. A calibration to the observed MIPS 24 fim 
photometry is unreliable due to the strong line emission 
and the more than 2 year time difference between our 
IRS and the archival MIPS observations. 

3. RESULTS 

The spectrum of IIH211 displayed in Figure [5] reveals 
a sequence of highly excited OH {v = 0, J' ^ J' — 1) 
pure rotational transitions arising in the ^113/2 and ^lli/2 
rotational ladders from J' = 15/2 to 69/2, which result 
in closely spaced doublets that become partly resolvable 
only at wavelengths greater than 20 fim in our spectra. 
An additional splitting due to A-doubling is only barely 
noticeable for the OH lines at the longest wavelengths 
in our spectra (see iHerzber^ |1971L for a detailed treat- 
ment of OH spectroscopy) . The OH energy level diagram 
in Figure [3] shows that the highest excited OH transi- 
tion has an upper state energy of E/hc — 19607 cm~^ 
{E/koi 28200 K) above the ground level. Note that the 
population of the OH energy levels probably extends to 
even higher energies, but the corresponding rotational 
transitions fall in the wavelength range of the low resolu- 
tion IRS modules below 10 fim. Due to the lower resolu- 
tion, the SL modules are not sensitive enough to detect 
the faint, narrow emission lines. 

In addition, there are OH cross-ladder transitions with 
AJ = 0, -1-1, but all such transitions that fall in the 5- 
37 /Ltm region have transition probabilities orders of mag- 
nitude smaller than the intra-ladder transitions described 
above. Nevertheless, we detect the two lowest excited OH 
{v = 0, ^Hi/2 ^H3/2, J' J' - 1) cross-ladder tran- 
sitions with upper levels J' = 7/2 and 5/2 (E/k « 620 
and 420 K) at 28.94 and 34.62 /im (see Fig. [2]), respec- 
tively, indicating a substantial population in the lower 
OH J-levels. We did not unambiguously detect any pure 
rotational OH transitions from excited vibrational levels. 

The low resolution portion of the spectrum is dom- 
inated by the strong, pure rotational H2 (0-0) S(3)- 
S(7) transitions and the much weaker [Fell] 5.34 /im 
line. In addition to the previously mentioned OH lines, 
the high resolution portion longward of 10 fim shows 
H2 (0-0) S(0)-S(2) including (1-1) S(3) at 10.18 ^m, 
HD (0-0) R(3)-R(6), numerous R2O {v = 0) pure ro- 
tational lines, and forbidden atomic fine-structure lines 
from [Fell], [Sill], [Nell], [S I], and [CI I]. The spec- 
trum also has noticeable continuum emission longward of 
15 /im, which can be fitted by thermal dust emission at 
a temperature ~ 85 K, represent ed by a modified black- 
body with the dust emissivities of lWeingartner fc Draind 



()2001h . Two additional components at about 170 K and 
30 K are needed to fit the complete continuum including 
the 8-15 /im region and the MIPS 70 /im flux of Fa = 
1.1 X 10~^^ Wm~^/xm~^. There is also a strongly rising 
continuum shortward of 8 /im. The peculiar NIR contin- 
uum of HH211 was pr eviously noted by Eisloff el et al.l 
(|2003f) and confirmed bv lO'Connell et all (20051 ). who in- 
terpret it as scattered light from the protostar escaping 
along the low-density jet cavity. 



4. DISCUSSION 
4.1. The origin of high- J OH emission 

In §[31 we reported the detection of rotationally ex- 
cited OH at previously unobserved high excitation levels 
in HH211. As a consequence of the large OH dipole 
moment, the observed intra-ladder pure rotational tran- 
sitions have large Einstein ^-coefficients of the order of 
10 to 400 s^^. For comparison, our observed pure ro- 
tational H2O transitions have A ^ 1-20 s""'^, the [Fell] 
lines have ^-values of a few 10""^ s~^, and the H2 S(0)- 
S(7) pure rotational lines have A- values between 3 x 10~^ 
and 3 x 10~^^ s~^. Large ^-values make collisional ex- 
citation of high energy levels very ineffective at lower 
densities, i.e. the corresponding critical densities are usu- 
ally much larger than the gas density. The observed OH 
lines in HH211 demonstrate that energy levels up to at 
least E/ k ^ 28200 K are well populated despite the large 
OH A-values. This fact, coupled with the observed dis- 
tribution of OH line intensities, strongly suggests a se- 
lective, non-thermal origin of the high- J OH excitation. 
For comparison, a non-LTE analysis of the [Fc II] lines in 
our spectrum suggests a gas temperature less than a few 
1000 K. Furthermore, all of our observed pure rotational 
H2O lines originate from energy levels with E/k< 2400 K 
even though there are many pure rotational H2O tran- 
sitions with A ^ 50-100 s~^ from energy levels between 
3000 and 8000 K in the 10-38 /im wavelength range. 

Theoretical and experimental laboratory studies show 
that OH molecules produced via photodissociation of 
H2O at photon energies larger than about 9eV (A < 
140 nm) are mostly in the ground electronic and vibra- 
tional state but with a high rotational ex citation favoring 
J = 7 0/2 to 90/2 with F/k>30000K (iMordaunt et al. 
1994t Ivan Harrevelt fc van HemertI 120001 : iHarich et all 
2000) ■ This is because the absorption of UV radiation in 
the H2O {B-X) band produces OH in an excited elec- 
tronic state, A ^S"*", which, in turn, efficiently yields 
highly excited ground-state OH {X ^H) molecules via 
a nonadiabatic crossing between intersecting potential 
energ y surfaces (sec van Harrevelt & van Hcmcrt 200C| 
Harich et al.ll20 00). This process leads to a highly selec- 
tive formation of high- J OH in the ground electronic and 
vibrational state, followed by a radiative cascade down 
the rotational ladders depicted in Fig. (3] This is consis- 
tent with our observed distribution of OH line intensi- 
ties and our non-detection of OH pure rotational tran- 
sitions from excited vibrational states. We will present 
a detailed non-LTE excitation model of OH, H2O, and 
H2 together with an analysis of the atomic fine-structure 
transitions in a subsequent paper. 

Further evidence for the role of H2O photodissocia- 
tion as a source of high- J OH can be gained from spa- 
tial mapping of the emission lines. Our Spitzer IRS 
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Fig. 2. — Background subtracted Spitzer IRS spectrum of HH 211: all major detected lines are labelled, and the strongest H2O lines are 
marked with an asterisk. The strongest lines are clipped for illustration purposes. 
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Fig. 3.— OH {X'^U,v = 0) rotational energy levels. The two ro- 
tational ladders result from the spin-orbit coupling of the unpaired 
2p electron. All rotational levels are further split into A-type dou- 
blets with separations between 0.1 and 35 .0 cm~^, which a re not 
visible on the scale of this plot (data from lColin et al1l2002l ). 



maps cover the southeastern terminal shock of HH211, 
which exhibits a typical bow-shock geometry in H2 and 
CO emission CGu eth fc Guillotead Il99l lEisloffel et all 
I2OO3I ) . Figure [4] shows the spatial distribution of rota- 
tionally excited OH and H2O together with the 25 fim 
dust continuum surfa ce brightness. The highly localized 
optical Ha emission (jWalawender et aL| [2006) is practi- 
cally coincident with the 25 /zm surface brightness max- 
imum. Their emission maxima are offset by about 1", 
which is within the positional map accuracy (see Fig. |4]) . 
This region is located at the bow-shock apex, where the 
shock velocity is expected to be the highest and presum- 
ably most of the shock generated FUV radiation orig- 
inates. The emission maximum of rotationally excited 
OH (Fig. m left map) also coincides with the bow shock 
apex. Although not shown in Figure [?] due to the lim- 
ited spatial coverage, the emission maximum of the OH 



(J' > 29/2) rotational lines in the SH wavelength range 
occurs at the same location. However, unlike Ha, the 
continuum, OH, and H2O emission clearly extend well 
beyond the bow shock. Using the 25 /zm continuum sur- 
face brightness as a surrogate tracer of the UV radiation 
field, we clearly note the presence of a radiative precur- 
sor upstream of the shock. Note that although coUisional 
grain heating due to inelastic gas-grain collisions may 
contribute to the dust heating in the bow shock, it is 
probably unimportant outside and ahead of the shock. 

4.1.1. Formation of OH and H2O 

Our emission line maps show clear evidence of OH 
and H2O emission in the precursor region (see Fig. 3]). 
It is unlikely that the chemical formation route via 
H2 + O ^ OH H and H2 OH ^ H2O + H (e .g. 
iHollenbach fc McKeel[l979l : iNeufeld fc Dalgarnol[l989h is 
the dominant source of OH and H2O in the UV pre- 
cursor upstream of the shock. These reactions have 
significant Arrhenius activation energies (i?A/k about 
3150 and 1736 K, respectively) and only proceed effi- 
ciently in dense, hot gas. The absence of rovibrational 
H2 emission in the preshock region confirms the absence 
of hot, shocked gas needed to directly form OH and H2O 
through gas chemistry. 

Instead, we propose that UV induced photodesorp- 
tion of water ice from grain mantles and photodisso- 
ciation of H2O either in t he gas phase or direct ly in 
the grain ice mantles (see lAndersson et al.l 120061 ) are 
the primary sources of OH and H2O in the precursor. 
We evaluated the H2O photodesorption rate using the 
Lya dominated FUV emission generated by a shock 
with a speed of Vg — 40kms^^ and a preshock density 
of no = lO'^-lO* cm^'^ (atomic shock models by J. Ray- 
mond, private communication). Such a shock approx- 
imately reproduces our observed [Ne II] 12.8, [S I] 25.2, 
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Fig . 4. — SpitzerIRS LH emission line maps of HH2 11 (solid lines) overlaid o n the H2(l-0) S(l) 2.12 fim (shaded contours: lEislofFel et al.l 
[2003) and optical H a emission (red, dashed contours: IWalawender et al.ll206^ . Coordinates are in arcseconds offset from the (0,0) center. 
The maps are interpolated to half the original LH pixel size of 4.5", and the positional accuracy is ~ 1". The dotted box marks the 
extracted region of the LH spectrum in Fig. [2] The linearly spaced max/min levels for the OH and H2O emission contours going outwards 
from the center are 5.2/1.2 X 10"** and 1.0/0.2 X 10~* Wm'^ sr"! , and 13/2MJysr ^ for the 25 fim continuum. 



[Fe II] 26.0, and [Sill] 34.8 /xm emission line intensi- 
ties, which ar e good indicators for Vg and uq (see 
e.g. Fig. 7 in iHollenbach fc McKej I1989D . Our esti- 
mate shows that grain ice mantles can be efficiently re- 
moved via photodesorption on timescales of the order of 
10^ yr assuming the experimentally measured Lya pho- 
todesorption yield for water ice of 3-5 x 10~^ molecules 
per photon and a Lya photodesorption cross section 
~ 8 X 10~^^ cm~^ per individual water ice molecule 



(IWestlev et al.lll995 a,b). T his is cons istent with the es- 
timate of IHollenbach fc McKed ()1979l ). who argued that 
a shock with Ws^40kms~"'^ would lead to complete up- 
stream photodesorption of grain ice mantles assuming a 
photodesorption yield of 5 x 10"'^. At the high visual ex- 
tinction toward the terminal shoc k of the HH 211 south- 
eastern lobe. Ay ^ 12 ± 3 mag (jO'Connell et al.l l2005l : 
iCaratti o Garatti et al.ir2006 ) , most of the gas phase wa- 
ter would otherwise be expected to reside frozen onto 
grains (cf. iMelnick fc B erginll2005h . 

It is interesting to compare our observation of HH211 
with a recent Spitzer IRS detection of strong water emis- 
sio n toward the protost ellar object IRAS 4B in NGC 1333 
bv I Watson et al.l (|2007f ). These authors attribute the ori- 
gin of this emission to the very dense, warm molecular 
layer of a protoplanetary disk. In this case, the main 
source of water is probably thermal sublimation of grain 
ice mantl es in the ^17 K warm surface layer as sug- 
gested bv iWatson et al.l (j2007D . Subhmation is insignif- 
icant at grain temperatures below about 100 K (cf. the 
derived dust temperature of 85K in HH211 from our 



dust continuu m fit, see jjO, b ut it becomes rapid above 
120 K (see Fr aser et al. 1120011 Table 2). In addition to 
the strong H2O emission, we have subsequently identi- 
fied OH emission limited to transitions with J' < 21/2 
{E/k< 3500 K) in the IRS LH spectrum of IRAS 4B by 
reanalyzing the Spitzer archival spectra originally pub- 
lished bv iWatson et al.l ()2007f ). The comparatively low 
excitation of OH indicated by the absence of lines with 
J' = 23/2 to 27/2 and the weakness of the OH emission 
relative to H2O in IRAS 4B are consistent with the pro- 
posed sublimation origin of water and suggest that FUV 
photodissociation of H2O plays only a minor role com- 
pared to HH211. 
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